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Abstract 

Electrochemical  and  rheological  properties  are  reported  of  composite  polymer  electrolytes  (CPEs)  consisting  of  dual-functionalized 
fumed  silica  with  methacrylate  and  octyl  groups  +  low-molecular  weight  poly(ethylene  glycol)  dimethyl  ether  (PEGdm)  +  lithium 
bis(trifluoromethanesulfonyl)imide  (LiTFSI,  lithium  imide)  +  butyl  methacrylate  (BMA).  The  role  of  butyl  methacrylate,  which  aids  in  forma¬ 
tion  of  a  crosslinked  network  by  tethering  adjacent  fumed  silica  particles,  on  rheology  and  electrochemistry  is  examined  together  with  the  effects 
of  fumed  silica  surface  group,  fumed  silica  weight  percent,  salt  concentration,  and  solvent  molecular  weight.  Chemical  crosslinking  of  the  fumed 
silica  with  20%  BMA  shows  a  substantial  increase  in  the  elastic  modulus  of  the  system  and  a  transition  from  a  liquid-like/flocculated  state  to 
an  elastic  network.  In  contrast,  no  change  in  lithium  transference  number  and  only  a  modest  decrease  (factor  of  2)  on  conductivity  of  the  CPE 
are  observed,  indicating  that  a  crosslinked  silica  network  has  minimal  effect  on  the  mechanism  of  ionic  transport.  These  trends  suggest  that  the 
chemical  crosslinks  occur  on  a  microscopic  scale,  as  opposed  to  a  molecular  scale,  between  adjacent  silica  particles  and  therefore  do  not  impede 
the  segmental  mobility  of  the  PEGdm.  The  relative  proportion  of  the  methacrylate  and  octyl  groups  on  the  silica  surface  displays  a  nominal  effect 
on  both  rheology  and  conductivity  following  crosslinking  although  the  pre-cure  rheology  is  a  function  of  the  surface  groups.  Chemical  crosslinked 
nanocomposite  polymer  electrolytes  offer  significant  higher  elastic  modulus  and  yield  stress  than  the  physical  nanocomposite  counterpart  with  a 
small/negligible  penalty  of  transport  properties.  The  crosslinked  CPEs  exhibit  good  interfacial  stability  with  lithium  metal  at  open  circuit,  however, 
they  perform  poorly  in  cycling  of  lithium-lithium  cells. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

From  electric  vehicles  to  cellular  phones,  advances  in  battery 
technology  have  not  kept  pace  with  the  power  requirements  of 
these  electrical  devices.  Solid  polymer  electrolytes  are  attractive 
for  next-generation  lithium  batteries  since  they  would  over¬ 
come  limitations  of  liquid  electrolytes  for  such  as:  lithium  den¬ 
drite  formation,  electrolyte  leakage,  flammable  organic  solvent, 
and  electrolytic  degradation  of  electrolyte  [1-5].  Although  the 
potential  benefits  of  polymer  electrolytes  are  well  recognized, 
the  polymer  systems  must  satisfy  demanding  material  require¬ 
ments,  such  as  high  conductivity  (>10~3  S  cm-1  at  25  °C),  good 
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mechanical  strength,  and  easy  processing.  Typically,  these  prop¬ 
erties  are  mutually  exclusive,  making  optimization  of  properties 
difficult. 

To  date,  the  most  common  approaches  to  solid  polymer  elec¬ 
trolytes  for  lithium  batteries  have  employed  high-molecular 
weight  (Mn  >  105)  polymers  based  on  polyethylene  oxide  (PEO) 
[1,6,7].  When  combined  with  lithium  salts,  linear  PEO  forms 
poorly  conductive  crystalline  complexes  with  room-temperature 
conductivity  <10-5  S  cm-1 ,  which  is  too  low  for  practical  appli¬ 
cations  [6,7].  Several  strategies  have  been  used  to  improve  the 
conductivity:  the  use  of  flexible  polymer  chains  with  low  glass- 
transition  temperature,  and  the  addition  of  liquid  plasticizers 
and  solid  fillers  [8-26].  Adding  liquid  plasticizers  into  polymer 
matrix  effectively  increases  the  conductivity  by  forming  a  type 
of  gel  polymer  electrolyte;  however,  the  mechanical  properties 
and  stability  with  lithium  metal  are  poor  in  the  presence  of  a 
large  fraction  of  liquid. 
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Our  group  has  developed  a  type  of  nanocomposite  polymer 
electrolytes  (CPEs)  with  high  conductivity  and  mechanical  sta¬ 
bility  [27-31],  consisting  of  low-molecular  weight  poly  ethers  + 
lithium  salts  +  fumed  silica.  Fumed  silica  is  non-porous  Si02 
prepared  by  the  thermal  combustion  of  silicon  tetrachloride 
in  an  oxygen-hydrogen  flame  [32].  The  native  surface  group 
on  fumed  silica  is  silanol  (Si-OH),  but  these  may  be  (par¬ 
tially)  replaced  by  other  functional  groups  [30].  Through  hydro¬ 
gen  bonding  and/or  van  der  Waals  attraction  of  native  or 
functional  surface  groups,  fumed  silica  dispersed  in  a  liquid 
forms  a  physical  gel  [28,29,33]  that  can  flow  under  shear  but 
reforms  in  the  absence  of  stress  [34].  While  these  physically- 
interacting  fumed  silica  demonstrate  improved  interfacial  stabil¬ 
ity  of  electrolyte  with  lithium,  room-temperature  conductivity 
[29,30,35]  exceeding  10~3  S  cm- 1 ,  and  reduced  dendrite  forma¬ 
tion  [36],  the  elastic  modulus  and  yield  stress  of  the  electrolytes 
are  not  sufficient  to  use  without  an  additional  separator.  One  way 
to  improve  the  mechanical  strength  of  these  composites  is  to  use 
fumed  silica  that  contains  crosslinkable  groups  on  its  surface. 
As  a  result,  the  fumed  silica  network  can  be  made  permanent  by 
subsequent  reaction,  using  thermal-  or  UV-activated  initiators, 
to  form  covalent  rather  than  physical  bonds  between  adjacent 
fumed  silica. 

In  a  previous  communication  on  crosslinkable  fumed  silica 

[37] ,  we  have  examined  the  effects  of  adding  crosslinkable 
monomers  to  this  system,  in  particular  the  effects  of  concen¬ 
tration  and  alkyl  chain  length  of  monomers  on  conductivity, 
rheology,  and  interfacial  stability.  In  this  study,  we  characterize 
the  rheological  and  electrochemical  properties  of  nanocom¬ 
posite  electrolytes  using  different  types  of  dual-functionalized, 
crosslinkable  fumed  silicas.  The  effects  of  fumed  silica 
surface-group  ratio  (i.e.,  moles  of  crosslinkable  groups  relative 
to  non-reactive  octyl  groups),  fumed  silica  weight  percent, 
PEGdm  molecular  weight,  and  lithium  salt  concentration  on 
electrochemical  and  mechanical  properties  are  reported.  Since 
little  work  has  been  performed  with  crosslinkable  fumed  silica 

[38] ,  our  work  represents  a  unique  approach  in  the  design 
of  polymer  electrolytes  that  will  provide  understanding  into 
how  the  various  components  of  the  crosslinked  CPE  affect  the 
electrochemical  and  mechanical  properties. 

2.  Experimental 

2.7.  Chemicals  and  preparation  of  electrolytes 

Lithium  bis(trifluoromethanesulfonyl)imide  (LiTFSI,  lithi¬ 
um  imide,  LiN(CF3S02)2,  3M)  salt  is  dried  at  100  °C  under 


vacuum  for  several  days  before  use.  PEGdm  (250  or  500 

o 

Mn,  Aldrich)  is  dried  over  4  A  molecular  sieves  for  at  least 
1  week.  Commercially  available  crosslinkable  fumed  silica 
(R711,  Degussa)  is  dried  at  120  °C  for  4  days  prior  to  use. 
Fumed  silica  with  octyl  and  methacrylate  groups  is  synthe¬ 
sized  by  reacting  Degussa  A200  (hydroxyl  surface  groups)  with 
octyltrimethoxy silane  and  trimethoxysilylpropyl  methacrylate 
[38].  This  dual-functionalized  fumed  silica  is  referred  to  as 
TOM  X:Y,  where  X  refers  to  the  moles  of  methacrylate  surface 
groups  and  Y  is  the  moles  of  octyl  surface  groups.  Three  differ¬ 
ent  TOM  fumed  silicas  (TOM  1 :4,  TOM  1:1,  and  TOM  4:1)  are 
prepared  and  characterized  [38].  Table  1  shows  the  surface  cov¬ 
erage  and  basic  structure  of  the  TOM  silicas.  Butyl  methacrylate 
(BMA,  Aldrich)  monomer  is  processed  through  packed  columns 
(Aldrich,  30,631-2)  to  remove  the  inhibitor,  monomethyl  ether 
hydroquinone  (MEHQ),  and  then  stored  over  molecular  sieves  at 
1  °C.  The  inhibitor,  butylated  hydroxy  toluene  (BHT),  in  PEGdm 
(250)  is  also  removed  using  the  same  type  of  column. 

The  baseline  liquid  electrolyte  is  made  by  dissolving 
LiTFSI  into  the  PEGdm  at  a  Li:0  mole  ratio  of  1:20 
(LiTFSI/PEGdm  =  0.323  weight  ratio).  Composite  electrolytes 
are  prepared  in  an  argon-filled  glove  box  by  adding  appropriate 
amounts  of  a  solution  containing  LiTFSI  in  PEGdm  (250)  to  a 
known  amount  of  fumed  silica.  A  solution  of  1  wt.%  2,2/-azo- 
bis-isobutylnitrile  (AIBN)  in  monomer  is  then  added  to  prepare 
composites  with  the  desired  weight  percent  of  monomer.  The 
CPE  is  mixed  by  a  high-shear  mixer  (Tissue  Tearor,  Model  398, 
BioSpec  Products,  Inc.)  until  homogeneous.  Samples  for  rhe¬ 
ology  measurements  are  mixed  outside  the  glove  box  using  a 
Sil verson  Model  SL2  mixer  (Sil verson  Machines).  The  CPE  is 
then  cured  in  an  oven  at  80  °C  for  24  h  in  a  sealed  stainless  steel 
vial  to  prevent  water  infusion. 

2.2.  Characterization  of  electrolytes 

Electrolyte  conductivities  are  measured  in  a  glass  cell  con¬ 
taining  two  blocking  platinum  wire  electrodes  (0.64-mm  diam¬ 
eter,  Fisher  Scientific)  [39].  Conductivity  is  measured  using 
EG&G  Princeton  Applied  Research  PowerSine  software  to  con¬ 
trol  an  EG&G  Model  27 3  potentiostat  and  an  EG&G  Model  5210 
lock-in  amplifier  in  the  frequency  range  100  kHz  to  100  mHz. 
Cells  are  calibrated  at  25  °C  using  a  standard  KC1  solution 
(1409  jxS  cm-1  at  25  °C).  Conductivity  cells  are  placed  in  wells 
in  an  insulated  aluminum  block  with  internal  coolant  circuit 
connected  to  a  temperature-controlled  circulating  water  bath 
(Isotope  1016P  Fisher  Scientific)  [31].  The  temperature  of  the 
water  bath  is  varied  from  0  to  100  °C  (±1  °C)  and  the  temper- 


Table  1 


Surface  group  coverage  and  type  of  the  TOM  (X:Y)  fumed  silicas 


Crosslinkable 

Surface 

Propyl  methacrylate 

Octyl  groups 

Structure 

fumed  silica 

coveragea  (%) 

groups  X  (%) 

Y(%) 

TOM  1:4 

50 

20 

80 

octyl  group 

propyl  methacrylate  group 

TOM  1:1 

45 

50 

50 

h,7ch 

---Si'  s 

( 

TOM  4:1 

48 

80 

20 

a  Percentage  of  -OH  groups  that  are  modified  with  octyl  or  propyl  methacrylate  groups. 
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ature  of  each  sample  is  measured  using  a  T-type  thermocouple 
placed  in  a  sealed  glass  compartment  fully  submerged  in  the 
sample.  For  each  composition,  three  to  five  samples  are  mea¬ 
sured  with  the  reported  value  representing  the  average. 

The  compatibility  between  electrolyte  and  lithium  metal  at 
room  temperature  is  studied  by  time- dependent  impedance  spec¬ 
troscopy  using  symmetric  lithium/CPE/lithium  button  cells.  The 
crosslinked  CPE  is  prepared  by  placing  the  pre-cured  compos¬ 
ite  in  a  1-in.  diameter  propylene  mesh  (~0.3-mm  thick,  50% 
porosity,  McMaster-Carr).  The  CPE/mesh  sample  is  positioned 
between  two  Teflon  discs  to  ensure  uniform  sample  thickness, 
sealed  in  a  stainless  vial,  and  then  cured  at  80  °C  for  24  h. 
From  this  CPE/mesh  sample,  0.5-in.  diameter  discs  are  punched 
and  used  in  the  fabrication  of  symmetric  lithium/CPE/lithium 
button  cells.  The  impedance  of  the  cell  is  measured  using  an 
EG&G  Model  273  potentiostat  and  an  EG&G  Model  5210 
lock-in  amplifier  at  room  temperature.  The  interfacial  resis¬ 
tance  between  the  electrolyte  and  lithium  metal  is  determined 
according  to  the  method  of  Fauteux  [40].  For  each  sam¬ 
ple,  three  cells  are  prepared  and  measured.  An  Arbin  battery 
cycler  (Model  BT2042)  controlled  by  Arbin  ABTS  software  is 
employed  to  carry  out  constant-current  cycling  using  symmet¬ 
ric  lithium/CPE/lithium  button  cells.  In  Li/electrolyte/Li  cells, 
current  densities  of  0.2  mA  cm-2  with  fixed  charge  density  of 
1  C  cm-2  are  applied.  Cell  cycling  is  terminated  upon  reaching 
a  cell  voltage  of  500  mV. 

The  lithium  transference  number  Tu  of  the  electrolyte 
is  measured  using  the  steady-state  current  method  [41,42]. 
The  impedance  of  the  cell  is  measured  before  and  after  de¬ 
polarization  using  an  EG&G  Model  273  potentiostat  con¬ 
trolled  by  EG&G  M270  software  with  an  amplitude  voltage  of 
10-50  mV.  The  cell  current  is  monitored  until  it  reaches  steady 
state.  The  transference  number  of  each  cell  is  measured  about  1 
day  after  fabrication  to  allow  a  stable  lithium-electrolyte  inter¬ 
face  to  form.  Three  cells  for  each  sample  are  measured  with  the 
reported  value  representing  the  average. 

The  dynamic  rheology  of  the  crosslinked  samples  is  measured 
using  a  TA  Instruments  AR2000  stress-controlled  rheometer. 
Unless  otherwise  noted,  the  temperature  of  the  samples  is  main¬ 
tained  at  25  °C  using  a  Peltier  plate.  A  20-mm  diameter  steel 
parallel-plate  fixture  with  sandpaper  adhered  to  its  surface  is 
used  on  all  samples.  The  sandpaper  mitigates  the  formation  of  a 
slip  layer,  which  results  in  underestimation  in  the  measured  prop¬ 
erties  of  the  sample  [43].  The  thickness  of  the  samples  ranges 
from  0.8  to  1.5  mm.  Initially,  samples  are  loaded  in  a  manner  to 
maintain  a  normal  force  of  less  than  5  N.  At  the  desired  thick¬ 
ness,  the  normal  force  is  allowed  to  relax  below  3  N  prior  to 
measurement.  For  each  sample,  a  dynamic  stress  sweep  is  used 
to  determine  the  range  of  stresses  within  the  linear- viscoelastic 
(LVE)  region.  A  new  sample  is  then  loaded  and  a  dynamic  fre¬ 
quency  sweep  (0.01-100 rads-1)  using  a  pre-determined  LVE 
stress,  followed  by  a  dynamic  stress  sweep  at  a  constant  fre¬ 
quency  of  1  rad  s-1  are  performed.  Reported  data  represent  the 
average  of  three  measurements,  with  typical  experimental  vari¬ 
ances  less  than  20%.  The  dynamic  rheology  of  the  uncrosslinked 
samples  is  measured  at  25  °C  using  a  DSR  stress-controlled 
rheometer  (Rheometrics  Scientific)  with  water-bath  temperature 


control.  The  measurements  are  performed  using  a  couette  geom¬ 
etry. 

A  Magna-IR  Spectra  750  (Nicolet)  spectrometer  purged  with 
dry  nitrogen  is  used  to  acquire  absorption  spectra  by  signal  aver¬ 
aging  32  scans  at  a  resolution  of  4  cm-1.  Powder  samples  are 
measured  by  combining  the  silica  (~2  mg)  with  80  mg  of  KBr 
and  then  pressing  the  powder  mixture  to  2000  psi  using  a  12-ton 
laboratory  press  (Carver  Model  C). 

3.  Results  and  discussion 

3.1.  FT-IR  of  fumed  silica 

Infrared  (IR)  studies  of  the  fumed  silica  were  performed  to 
verify  the  reported  surface  composition  of  the  TOM  silicas  and 
to  gain  insight  on  the  surface  chemistry  of  the  R711  silica. 
Fig.  1  illustrates  the  FT-IR  spectra  (1500-3200  cm-1)  of  the 
TOM,  R711,  R805  (octyl-modified)  silicas,  and  A200  (unmod¬ 
ified)  silica  in  the  region  of  the  methacrylate  (C=0  stretching  at 
~  1 700  cm- 1 ,  vst  C=0)  and  octyl  (C-H  stretching  at  2930  cm- 1 , 
vst  C-H)  groups.  The  FT-IR  spectrum  of  A200  lacks  peaks  in  this 
region  which  supports  that  the  observed  peaks  of  R805,  R711, 
and  TOM  are  due  to  octyl  and  methacrylate  groups.  The  R805 
spectrum  provides  signature  peaks  for  octyl  groups  at  2930  cm- 1 
that  are  also  present  on  the  TOM  silicas.  The  TOM  and  R7 1 1 
spectra  exhibit  peaks  corresponding  to  octyl  and  methacrylate 
groups,  which  confirms  the  dual-functionality  of  these  silicas 
and  indicates  that  R7 1 1  has  similar  surface-functional  groups 
to  the  TOM  silicas  even  though  the  exact  surface  composition 
is  not  known.  For  each  silica  type,  the  peak  height  of  Si-0 
absorbance  (~  1 100  cm-1  not  shown  in  Fig.  1)  is  used  as  an  inter¬ 
nal  standard  to  calculate  the  relative  peak  height  of  the  octyl  and 
methacrylate  absorbances.  Table  2  lists  the  ratio  of  the  octyl  and 
methacrylate  peak  heights  for  the  crosslinkable  silica.  The  ratio 
of  absorbances  confirms  that  the  relative  amount  of  hydropho¬ 
bic  groups  decreases  in  the  following  manner:  TOM  1 :4  >  TOM 
1 : 1  >  TOM  4: 1  >  R7 1 1 . 


Fig.  1.  FT-IR  spectra  of  TOM  (X:Y),  R711,  R805  (octyl-modified),  A200 
(unmodified)  fumed  silica  pressed  with  KBr  showing  the  C-H  stretching  of  octyl 
group  at  2928  cm-1  and  C=0  stretching  of  methacrylate  group  at  1702  cm-1. 
For  TOM  ( X:Y ),  X  refers  to  the  relative  number  of  methacrylate  groups  and  Y 
refers  to  the  relative  number  of  octyl  groups. 
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Table  2 

Peak  absorbance  and  peak  ratios  for  the  octyl  and  methacrylate  groups  on  TOM 
(. X:Y)  and  R71 1  silica 


Fumed 

silica 

Si-O 

absorbance 
(1100  cm"1) 

Peak  ratio  Abspeak/Absiioo 

C=0  (1702  cm- 

')  C-H  (2928  cm-1) 

TOM  1:4 

0.947 

0.019 

0.059 

TOM  1:1 

1.078 

0.021 

0.026 

TOM  4:1 

0.987 

0.034 

0.029 

R711 

0.983 

0.045 

0.015 

3.2.  Effect  of  fumed  silica  surface  group  on  conductivity 
and  rheology 
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Fig.  2  shows  the  conductivity  of  CPEs  as  a  function  of  temper¬ 
ature  for  composites  with  different  fumed  silica  surface  groups 
(R711,  TOM  4:1,  TOM  1:1,  and  TOM  1:4)  at  constant  salt 
concentration  and  monomer  weight  percent  (20wt.%  BMA). 
The  results  indicate  that  the  CPEs  have  acceptable  conductivity 
and  the  surface  group  has  a  negligible  effect  on  conductiv¬ 
ity  before  crosslinking  and  a  slight  effect  after  crosslinking. 
Oligomer  PEGdm  (250)  has  a  relatively  low  viscosity  and  hence 
has  a  good  room-temperature  conductivity  (>10_3Scm_1) 
[30,31,44].  Since  the  conducting  phase  for  LiTFSI  is  liquid 
PEGdm  in  the  CPEs  systems,  the  composites  present  accept¬ 
able  room-temperature  conductivity  (>7  x  10  4Scm  [).  These 
results  are  consistent  with  studies  using  mixtures  of  oligomeric 
PEO  +  non-crosslinkable  fumed  silica  that  reveal  different  sur¬ 
face  groups  have  no  significant  effect  on  conductivity  [30,35]. 
The  crosslinked  systems  exhibit  about  a  factor  of  two  reduction 
in  conductivity  compared  to  the  non-crosslinked  composites. 
The  reduced  conductivity  of  the  crosslinked  systems  is  primarily 
due  to  a  smaller  free  volume  available  for  ionic  transport  and  not 
a  decrease  in  polymer  segmental  mobility.  Hou  and  Baker  [38] 
measured  the  Tg  of  PEGdm  (500)  +  LiCICL  electrolytes  contain¬ 
ing  crosslinkable  fumed  silica  and  found  little  or  no  change  in  Tg 
and  therefore  no  decrease  in  segmental  mobility.  Because  con- 


T(°C) 


Fig.  2.  Conductivity  as  a  function  of  temperature  of  crosslinked  and 
uncrosslinked  CPEs  with  three  TOM  (. X\Y)  silicas  having  different  ratios  of 
methacrylate  (X)  to  octyl  ( Y)  groups  on  the  silica  surface  and  a  commercially 
available  crosslinkable  silica,  R7 1 1 . 


Fig.  3.  Effect  of  crosslinkable  fumed  silica  surface  group  on  elastic  and  viscous 
moduli  before  crosslinking. 

ductivity  is  a  volume-based  property,  adding  crosslinked  silica 
does  not  significantly  decrease  the  conductivity  since  there  is  no 
strong  interaction  between  PEGdm  and  silica.  The  weak  depen¬ 
dence  of  conductivity  on  the  surface  group  of  the  silica  indicates 
that  the  dominant  phase  for  ionic  conduction  is  the  bulk  PEGdm 
(250)  +  LiTFSI  electrolyte  after  crosslinking. 

The  rheological  properties  of  crosslinked  CPEs  are  investi¬ 
gated  at  constant  weight  percent  of  different  fumed  silicas  to 
determine  their  role  in  the  microstructure  of  the  composites. 
Fig.  3  shows  the  elastic  ( G' )  and  viscous  ( G" )  moduli  as  a  func¬ 
tion  of  frequency  for  four  different  silicas  (R711,  TOM  4:1, 
TOM  1:1,  and  TOM  1:4)  before  crosslinking.  These  measure¬ 
ments  provide  a  good  indication  of  the  extent  of  flocculation  of 
the  fumed  silica  prior  to  crosslinking  and  show  that  the  samples 
are  more  liquid-  than  solid-like.  For  uncrosslinked  CPEs,  G" 
exceeds  G'  at  low  frequency  for  all  fumed  silica  types,  indicating 
that  the  fumed  silica  is  weakly  flocculating.  Prior  to  crosslinking, 
composites  containing  crosslinkable  fumed  silica  exhibit  lower 
elastic  moduli,  higher  viscous  moduli,  and  greater  frequency 
dependence  than  conventional  fumed  silicas  that  have  silanol  or 
octyl  surface  groups  [29,30,35,45].  Degussa  R71 1  and  TOM  4: 1 
exhibits  little  flocculation,  as  evident  by  the  higher  G"  relative 
to  G'  throughout  the  entire  frequency  range.  Degussa  R7 1 1  has 
the  lowest  G'  of  the  fumed  silicas  under  study  primarily  due 
to  the  fewer  number  of  hydrophobic  groups  on  the  silica  sur¬ 
face,  as  determined  from  FT-IR.  While  the  elastic  modulus  of 
the  TOM  silicas  depends  on  the  ratio  of  the  crosslinkable  and 
hydrophobic  groups,  it  did  not  correlate  with  the  relative  amount 
of  hydrophobic  groups  on  the  TOM  surface.  The  elastic  modulus 
decreases  as  TOM  1 : 1  >  TOM  1 :4  >  TOM  4: 1  while  the  relative 
hydrophobicity  decreases  as  TOM  l:4>TOM  1:1  >  TOM  4:1. 
While  the  lower  G'  of  TOM  4: 1  compared  to  TOM  1 :4  and  TOM 
1 : 1  may  be  due  to  its  fewer  number  of  hydrophobic  groups,  this 
argument  does  not  hold  for  the  higher  G'  of  TOM  1 : 1  relative  to 
TOM  1:4. 

Fig.  4  shows  the  elastic  modulus  as  a  function  of  frequency 
for  R7 1 1 ,  TOM  4:1,  TOM  1:1,  and  TOM  1 :4  fumed  silicas  after 
crosslinking.  The  crosslinked  CPEs  exhibit  gel-like  behavior:  G' 
greater  G"  and  G'  relatively  independent  of  frequency.  The  CPEs 
containing  R7 1 1  have  the  largest  G' .  The  ratio  of  methacrylate  to 
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Fig.  4.  Effect  of  crosslinkable  fumed  silica  surface  group  on  dynamic  rheology 
after  crosslinking.  For  clarity,  G"  is  shown  for  R711  only  but  all  silicas  after 
crosslinking  provide  G'  >  G". 


Stress  x  (Pa) 

Fig.  5.  Comparison  of  yield  stress  and  moduli  for  crosslinked  (10%  R71 1  +  20% 
BMA)  and  non-crosslinked  (10%  R805)  fumed  silica  composites.  Yield  stress 
Ty  is  found  from  intersection  of  asymptotic  regions,  as  indicated  in  the  figure. 


octyl  groups  of  the  TOM  silicas  appears  to  have  a  small  effect  on 
G'.  Samples  containing  TOM  1 : 1  and  TOM  4: 1  have  comparable 
elastic  moduli  while  TOM  1:4  have  the  lowest  G'  of  the  three 
TOM  silicas.  The  difference  in  behavior  for  TOM  1 :4  may  be  due 
to  fewer  methacrylate  groups  on  the  fumed  silica  surface  which 
reduces  the  number  of  possible  covalent  crosslinks  between  the 
silica  particles.  TOM  1:4  has  only  20%  of  its  groups  capable  of 
forming  crosslinks  compared  to  50%  and  80%  for  TOM  1 : 1  and 
TOM  4:1,  respectively. 

The  extent  of  flocculation  of  the  uncrosslinked  samples  does 
not  correlate  with  elastic  modulus  of  the  crosslinked  samples. 
While  electrolytes  containing  R7 1 1  exhibit  the  lowest  Gr  prior  to 
crosslinking,  they  have  the  highest  Gr  after  crosslinking.  Con¬ 
sequently,  the  uncrosslinked  sample  does  not  need  to  have  a 
gel-like  structure  in  order  to  form  a  gel  after  crosslinking.  This 
feature  is  highly  desirable  for  high-volume  production  of  these 
types  of  electrolytes  since  it  is  more  advantageous  to  process  the 
uncrosslinked  samples  as  liquids  and  then  use  photons  or  heat 
to  cure  the  electrolytes. 

The  crosslinked  systems  exhibit  elastic  modulus  that  is  sev¬ 
eral  orders  of  magnitude  than  that  of  the  uncrosslinked  systems, 
with  only  a  factor  of  two  reduction  in  conductivity.  Furthermore, 
the  crosslinked  CPEs  have  significantly  higher  yield  stress  than 
physical  gel  electrolytes  containing  non-crosslinkable  (octyl- 
modified)  fumed  silica,  as  illustrated  in  Fig.  5  [43,46].  In  this 
figure,  we  have  determined  the  yield  stress  from  the  intersection 
of  straight  lines  drawn  through  the  initial  constant  region  and 
decreasing  part  of  a  plot  of  elastic  modulus  versus  stress  curve. 
Although  other  approaches  to  measuring  yield  stress  exist,  this 
method  provides  a  facile  way  to  examine  relative  yield  stresses 
[43,46].  The  yield  stress  of  the  crosslinked  CPE  is  ~7000Pa 
with  a  G ’  greater  than  105  Pa  compared  to  a  yield  stress  of 
^300  Pa  and  G ’  of  2  x  104  Pa  for  the  non-crosslinked  physical 
gel  electrolyte.  The  order  of  magnitude  increase  in  yield  stress 
and  G'  for  crosslinked  CPEs  relative  to  non-crosslinked  CPEs 
is  a  significant  improvement.  The  crosslinking  of  conventional 
filler- free  polymer  electrolytes  can  also  enhance  the  elastic  mod¬ 
ulus  and  yield  stress,  but  at  the  expense  of  reduced  conductivity 


of  the  electrolytes  [47] .  The  small  reduction  in  conductivity  in 
the  crosslinkable  fumed  silica  composites  is  due  to  microscopic 
crosslinking  between  fumed  silica  particles  rather  than  molec¬ 
ular  crosslinking  of  the  polymer  structure,  which  restricts  the 
segmental  mobility.  The  conductivity  and  elastic  modulus  of 
the  crosslinkable  fumed  silica  composites  exceed  those  of  con¬ 
ventional  crosslinked  polymer  electrolytes  (5  x  10  5Scm  l) 
and  are  comparable  to  many  of  the  plasticized  or  gel  electrolyte 
systems  [47]. 

3.3.  Effect  of  fumed  silica  concentration  on  conductivity 
and  rheology 

Fig.  6  reports  the  conductivity  of  crosslinked  CPEs  as  a  func¬ 
tion  of  temperature  at  constant  salt  content  and  BMA  weight 
percent,  but  varying  amounts  of  fumed  silica.  Increasing  the 
amount  of  fumed  silica  results  in  a  decrease  in  conductivity,  a 
trend  observed  in  other  oligomeric  PEO  systems  [28,30,35,45] 
and  is  primarily  due  to  a  dilution  effect.  However,  as  temper¬ 
ature  increases  above  ^75  °C,  the  relative  difference  in  con- 
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Fig.  6.  Effect  of  R711  weight  percent  on  ionic  conductivity  after  crosslinking 
as  a  function  of  temperature. 
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Fig.  7.  Effect  of  R711  weight  percent  on  elastic  and  viscous  moduli  after 
crosslinking. 
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Fig.  8.  Effect  of  PEGdm  molecular  weight  on  the  ionic  conductivity  of 
crosslinked  and  uncrosslinked  composites  containing  R7 1 1  fumed  silica. 


ductivity  between  5%  R711  and  10%  R711  (or  20%  R711) 
decreases.  While  this  effect  is  not  fully  understood,  it  may  be 
due  to  polymerized  BMA  that  is  not  covalently  bond  to  the  sur¬ 
face  of  the  silica  becoming  more  soluble  in  the  PEGdm  (250) 
electrolyte  with  increasing  temperature.  The  solvation  of  poly¬ 
merized  BMA  in  the  electrolytes  increases  the  viscosity  and  thus 
reduces  the  mobility  of  the  ions. 

Fig.  7  shows  the  elastic  and  viscous  moduli  as  a  function  of 
frequency  for  varying  amounts  of  R7 1 1 .  The  elastic  modulus 
increases  slightly  at  low  frequency  as  fumed  silica  weight  per¬ 
cent  increases  from  5  to  10  wt.%;  however,  the  elastic  modulus 
does  not  change  upon  increase  to  20  wt.%.  Typically,  the  elas¬ 
tic  modulus  of  fumed  silica  gels  have  been  shown  to  increase 
in  a  power-law  relationship  with  fumed  silica  volume  fraction 
[33,48,49].  At  20  wt.%  BMA,  the  lack  of  increase  in  Gf  with  sil¬ 
ica  concentration  for  these  crosslinked  CPEs  suggests  that  the 
tethering  of  monomer  to  the  silica  surface  is  the  more  impor¬ 
tant  factor  in  dictating  the  elastic  properties,  rather  than  the  total 
volume  of  fumed  silica. 

3.4.  Effect  of  PEGdm  molecular  weight  on  conductivity  and 
rheology 


3.5.  Effect  of  crosslinkable  fumed  silica  on  lithium 
transport 

Fig.  10  illustrates  conductivity  versus  LiTFSI  concentration 
at  25  and  82  °C  for  crosslinked  CPEs  consisting  of  10%  TOM  1 : 1 
and  20%  BMA  and  their  corresponding  salt  solutions  (no  fumed 
silica  or  monomer).  The  conductivity  of  crosslinked  compos¬ 
ites  and  uncrosslinked  salt  solutions  follow  similar  qualitative 
trends,  which  suggests  that  the  ionic  transport  properties  of  the 
electrolyte  are  unaffected  by  the  crosslinked  silica  network.  Fur¬ 
thermore,  Fig.  10  shows  that  the  room- temperature  conductivity 
of  crosslinked  samples  is  relatively  insensitive  to  salt  concen¬ 
tration  over  the  range  reported.  To  further  characterize  ionic 
transport  in  the  crosslinked  CPEs,  the  lithium  transference  num¬ 
ber  is  measured  using  the  method  of  Bruce  and  Vincent  [42] . 
Table  3  shows  the  transference  numbers  of  samples  containing 
10%  TOM  1:1  in  a  PEGdm  (250)  +  LiTFSI  (1:20)  electrolyte 
compared  with  similar  samples  that  have  been  crosslinked  with 
20%  BMA.  The  transference  numbers  for  both  systems  are 
comparable  (~0.25)  supporting  the  conclusion  that  the  ionic 
transport  properties  in  the  crosslinked  CPEs  is  not  significantly 


Fig.  8  reports  the  conductivity  of  crosslinked  and 
uncrosslinked  composites  containing  PEGdm  (500)  or  PEGdm 
(250)  and  10%  R711.  The  conductivity  of  the  composites 
increases  as  the  molecular  weight  of  PEGdm  decreases.  Fur¬ 
thermore,  conductivities  of  PEGdm  (250)  and  PEGdm  (500) 
crosslinked  CPEs  exhibit  similar  dependence  on  temperature 
when  compared  to  those  of  uncrosslinked  CPEs.  Fig.  9  provides 
the  elastic  modulus  as  a  function  of  frequency  for  the  same  sys¬ 
tems  of  PEGdm  (250)  and  PEGdm  (500).  The  higher  moduli 
observed  for  PEGdm  (500)  composites  may  be  attributed  to  the 
inherently  higher  viscosity  of  PEGdm  (500)  than  PEGdm  (250) 
[50].  While  the  properties  of  the  electrolyte  solvent  appear  to 
dictate  both  the  ionic  transport  and  rheological  properties,  more 
work  is  needed  to  understand  the  role  of  the  solvent  in  dictat¬ 
ing  the  microstructure  of  the  crosslinkable-based  fumed  silica 
composites. 
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Fig.  9.  Effect  of  PEGdm  molecular  weight  on  elastic  and  viscous  moduli  of 
crosslinked  composites  containing  10  wt.%  R711. 
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Fig.  10.  Effect  of  LiTFSI  concentration  on  conductivity  of  crosslinked  and 
uncrosslinked  CPEs  at  25  and  82  °C. 

Table  3 

Lithium  transference  numbers  of  uncrosslinked  and  crosslinked  composite  poly- 


mer  electrolytes  containing  10  wt.%  TOM  1:1 

Composite  CPE 

Tu  average 

PEGdm  (250)  +  LiTFSI  (1:20) 

PEGdm  (250)  +  LiTFSI  (1:20)  +  10  wt.%  TOM  1:1 

PEGdm  (250)  +  LiTFSI  (1:20)  +  10  wt.%  TOM 

1:1  +20%  BMA  (1%  AIBN)  [after  crosslinking] 

0.24  ±  0.03 

0.23  ±  0.03 

0.21  ±  0.03 

affected  by  the  presence  of  the  chemically  crosslinked  silica 
network. 

3.6.  Open-circuit  interfacial  stability  with  lithium 

The  addition  of  fumed  silica  stabilizes  the  interface 
between  lithium  metal  and  salt  solutions  consisting  of  PEGdm 
(250)  +  LiTFSI  (Li:O=l:20)  [24,31,36,45,51].  However,  the 
crosslinked  CPEs  involves  the  addition  to  the  electrolyte  of 
monomer  and  initiator  that  can  also  react  with  lithium  metal. 
Fig.  11  shows  the  time-dependent  interfacial  impedance  of 
uncrosslinked  composites  containing  PEGdm  (500)  + LiTFSI 


Fig.  11.  Time-dependent  stability  of  lithium/CPE  interface  for  uncrosslinked 
CPEs  containing  crosslinkable  fumed  silica,  monomer,  or  initiator. 


Fig.  12.  Open-circuit  interfacial  stability  as  a  function  of  time  for  CPEs  con¬ 
taining  crosslinkable  fumed  silica  before  and  after  crosslinking.  Open  symbols 
represent  systems  that  have  not  been  crosslinked,  but  contain  fumed  silica  with 
crosslinkable  groups.  Closed  symbol  represent  a  crosslinked  composite  elec¬ 
trolyte.  The  cross  symbol  represents  data  for  samples  without  fumed  silica  [3 1]. 

(Li:O=l:20)  and  various  components  involved  in  the  initia¬ 
tion  and  propagation  of  the  crosslinking  reaction:  crosslink- 
able  fumed  silica  (TOM  1:1),  monomer  (BMA),  or  initiator 
(AIBN).  The  addition  of  10  wt.%  TOM  1:1  to  the  base  elec¬ 
trolyte  improves  the  interfacial  stability,  and  the  presence  of 
an  initiator  (AIBN)  has  no  effect  relative  to  the  base  elec¬ 
trolyte.  However,  addition  of  BMA  produces  a  CPE/lithium 
interface  with  higher  impedance  compared  to  the  base  elec¬ 
trolyte,  which  suggests  that  BMA  reacts  with  lithium  to  form 
an  unstable  interface.  Although  the  monomer  itself  is  unsta¬ 
ble  with  respect  to  lithium,  the  effect  of  crosslinked  network 
on  compatibility  with  lithium  metal  is  more  important  since 
the  concentration  of  unreacted  monomer  should  be  very  low 
after  the  crosslinking  reaction.  In  addition,  the  composition  of 
the  surface  group  on  the  crosslinkable  fumed  silica  may  also 
affect  the  interfacial  stability  with  lithium.  Fig.  12  illustrates  the 
time-dependent  open-circuit  interfacial  impedance  of  lithium  in 
contact  with  PEGdm  (250)  + LiTFSI  (Li:0=  1:20)  electrolytes 
that  contain  crosslinkable-based  fumed  silica.  Results  before  and 
after  crosslinking  indicate  that  the  addition  of  TOM  or  R7 1 1 
crosslinkable  fumed  silicas  (prior  to  crosslinking)  does  not  pro¬ 
duce  an  unstable  interface  when  compared  with  electrolyte  sys¬ 
tems  without  fumed  silica.  There  is  no  correlation  between  inter¬ 
facial  stability  and  surface  group  of  the  fumed  silica.  Although 
the  degree  of  stabilization  is  less  than  non-crosslinkable  silicas 
[31],  such  as  Degussa  R805  or  Degussa  A200,  the  methacry¬ 
late  groups  on  the  silica  do  appear  to  be  stable  with  lithium. 
Previous  results  have  shown  that  composite  electrolytes  with 
higher  moduli  typically  exhibit  better  interfacial  stability  [45]. 
More  importantly,  addition  of  20  wt.%  monomer  (BMA)  and 
subsequent  crosslinking  did  not  result  in  significant  increases 
in  the  interfacial  impedance.  A  crosslinked  electrolyte  compris¬ 
ing  20  wt.%  BMA  +  10%  R7 1 1  +  PEGdm  (250)  +  LiTFSI  (1 :20) 
exhibited  better  interfacial  stability  than  similar  uncrosslinked 
CPEs.  This  is  promising  in  that  the  crosslinked  composite  may 
be  used  with  lithium  metal  despite  the  use  of  a  highly  reactive 
monomer. 
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Fig.  13.  Average  voltage  of  Li/CPE/Li  cells  using  crosslinkable  fumed  silica  as 
a  function  of  surface  group  for  both  uncrosslinked  and  crosslinked  CPEs. 

3. 7.  Effect  of  crosslinkable  surface  group  and  crosslinked 
silica  network  on  lithium/lithium  cycling 

The  crosslinkable  fumed  silica  displays  relatively  good  inter¬ 
facial  stability  with  lithium  metal  at  open-circuit  conditions,  but 
the  presence  of  these  reactive  groups  can  still  pose  problems 
during  actual  charge/discharge  cycles.  Fig.  13  illustrates  the 
half-cycle  cell  voltage  versus  cycle  number  for  Li/CPE/Li  cells 
containing  crosslinkable  fumed  silica  (no  monomer  or  crosslink¬ 
ing)  and  octyl-modified  fumed  silica  (R805)  as  a  control.  The 
results  indicate  that  the  crosslinkable  fumed  silicas  perform 
equally  well  in  charge/discharge  cycles  when  compared  to  the 
octyl-modified  systems.  The  lithium  cycling  performance,  as 
measured  via  the  cell  voltage  at  half-cycle,  is  relatively  insen¬ 
sitive  to  the  silica  surface  group.  For  each  silica  type,  the  cell 
voltage  increases  with  cycle  number,  with  all  CPEs  being  cycled 
over  140  times  before  exceeding  the  cut-off  voltage  (300  mV). 
The  open-circuit  interfacial  impedance  and  the  lithium-lithium 
cycling  performance  do  not  appear  to  correlate.  In  addition,  the 
crosslinked  CPE  reaches  the  cut-off  voltage  at  an  earlier  cycle 
number  and  has  a  higher  voltage  compared  to  the  uncrosslinked 
CPEs.  The  crosslinked  CPE  could  only  be  cycled  71  times  com¬ 
pared  to  182  cycles  for  the  uncrosslinked  CPE.  Two  possible 
reasons  can  be  posited  to  explain  the  lower  cycle  life  of  the 
crosslinked  CPE.  First,  the  presence  of  unstable  species,  such 
as  unreacted  monomer  (BMA)  or  growing  polymer,  in  contact 
with  lithium  metal  may  result  in  higher  voltage.  Second,  there 
may  also  be  poor  interfacial  contact  between  the  electrolyte  and 
lithium  metal.  The  crosslinked  electrolytes  are  robust  solids  that 
may  not  be  able  to  maintain  contact  with  lithium  during  cycling. 
Future  work  is  aimed  at  determining  the  relative  effects  of  these 
factors. 

4.  Summary 

Nanocomposite  polymer  electrolytes  containing  crosslink- 
able  fumed  silica  have  been  successfully  prepared  and  charac¬ 
terized.  The  surface  groups  of  the  crosslinkable  fumed  silica  do 
not  have  a  significant  effect  on  conductivity  before  crosslink¬ 
ing  and  have  a  slight  effect  after  crosslinking.  Crosslinked 


CPEs  have  a  room-temperature  conductivity  approaching 
10-3  S  cm-1.  Compared  to  uncrosslinked  composites,  the  con¬ 
ductivity  decreases  by  a  factor  of  two  upon  crosslinking  with 
20%  BMA,  but  the  elastic  modulus  of  the  composites  increases 
several  orders  of  magnitude.  The  conductivity  of  the  crosslinked 
CPEs  exhibits  a  similar  dependence  on  temperature  when  com¬ 
pared  to  uncrosslinked  CPEs,  with  no  change  in  lithium  transfer¬ 
ence  number.  Since  the  crosslinks  occur  between  silica  particles, 
as  opposed  to  polymer,  the  ionic  transport  properties  of  the  elec¬ 
trolyte  are  not  affected.  The  surface  groups  of  the  fumed  silica 
significantly  affect  the  rheology  of  pre-cured  composites,  but 
after  crosslinking  the  surface  group  dependence  is  weaker.  Com¬ 
pared  with  physical  nanocomposite  gel  electrolytes,  chemical 
crosslinked  nanocomposite  counterparts  offer  significant  higher 
elastic  modulus  and  yield  stress.  The  electrolyte  solvent  plays 
an  important  role  in  dictating  both  the  transport  and  rheological 
properties  of  the  composites,  with  PEGdm  (500)  composites 
yielding  higher  moduli  but  lower  conductivity  than  PEGdm 
(250)  composites.  The  crosslinked  CPEs  exhibit  higher  cell 
voltage  than  uncrosslinked  CPEs  during  cycling  of  Li/CPE/Li 
cells  possibly  due  to  the  presence  of  residual  BMA  and/or  poor 
CPE/lithium  interfacial  contact. 
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